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SUMMARY
This study has examined a number of approaches for NO x reduction from biodiesel. Blending FT diesel at very high percentages can produce a NO x neutral fuel. Lowering the base fuel aromatic content from 31.9% to 7.5% (nominally 10% aromatic fuel) was very successful at lowering NO x . If all other factors are equal, and if the effect of aromatic content is linear, using a base fuel having 25.8% aromatics should provide a NO x neutral B20 (relative to certification diesel having nominally a 30% aromatic content). The results also suggest that using kerosene as the base fuel could lead to a NO x neutral blend (this occurs at 40% biodiesel, assuming linearity). The cetane enhancers di-tert-butyl peroxide (DTBP) and ethyl-hexyl nitrate (EHN) are both effective at reducing NO x from biodiesel. The antioxidant TBHQ is also effective but NO x reduction was small at the level tested and TBHQ may cause an increase in PM emissions. The idea of using antioxidants as NO x reduction additives is clearly something that should be explored in more detail. Blending of 2% short chain fatty acid esters was not effective for reducing NO x . The A1 additive obtained from Bioclean Fuels was effective at NO x reduction but caused an unacceptably large increase in PM. Based on these results, use of the additives DTBP and EHN is the most practical approach at the present time. Using DTBP at 1 volume percent produces an incremental cost increase of $0.16 per gallon. For EHN at 0.5 volume percent the incremental cost increase per gallon is $0.05.
A nominally 10% aromatic fuel was used as a reference point to determine if B20 blends (blends of either biodiesel with certification diesel or 10% aromatic diesel) might have emissions levels allowing CARB certification. The 10% aromatic fuel met the requirements for sale of diesel fuel in California based on composition, it was not a CARB reference diesel. All of the B20 blends exhibited PM emissions below those for the CARB diesel. Fuels based on certification diesel did not in any case produce NO x emissions equal to or below those of the 10% aromatic fuel. Even B20 fuels treated with DTBP have NO x emissions that significantly exceed those of the 10% aromatic diesel. For B20 blends based on the 10% aromatic fuel, adding DTBP is effective at reducing NO x to the base fuel level. Thus blending biodiesel with a California compliant diesel and treating with DTBP may be a route to a CARB certifiable B20.
Degree of unsaturation appears to be the key difference between soy and yellow grease (YG) based biodiesels from the standpoint of emissions performance. The iodine numbers of these fuels were 127 and 79, respectively. The cetane number of the YG fuel was correspondingly higher. For the B20 blends a significant (about 2%) NO x increase relative to certification diesel was observed for soy but no significant increase was observed for YG. Treatment with 1% DTBP lowered NO x by about the same amount for both blends. For B100 fuels, the PM emissions are approximately the same but YG (Bio3000) exhibits NO x emissions that are lower, relative to soy diesel, by nearly 0.4 g/bhp-h. Treatment of B100 fuels with DTBP is effective at reducing NO x , but not in proportion to the NO x reduction observed for B20 blends. The facts that the NO x reduction for DTBP is the same independent of biodiesel source, and decreases with increasing biodiesel content of the fuel seem important. These results may suggest that DTBP acts largely to lower the NO x produced by burning the petroleum diesel fuel.
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INTRODUCTION
Biodiesel is an oxygenated diesel fuel made from vegetable oils and animal fats by converting the tri-glyceride fats to esters via various esterification processes. A number of studies have shown substantial particulate matter (PM) reductions for biodiesel and biodiesel blended with petroleum diesel (1) relative to petroleum diesel. However, most studies also show a significant increase in nitrogen oxides (NO x ) emissions (1). The cause of this increase in NO x and solutions to this problem have been the subject of a considerable body of research under the DOE Biodiesel Program at the National Renewable Energy Laboratory (NREL).
In a previous study for NREL (2, 3) , we examined biodiesels produced from a variety of realworld feedstocks as well as technical grade fatty acid methyl and ethyl esters. Emissions performance in a heavy-duty truck engine using the U.S. heavy-duty federal test procedure (transient test) was measured. The objective was to understand the impact of biodiesel chemical structure, specifically fatty acid chain length and number of double bonds, on emissions of NO x and PM. It was found that the molecular structure of biodiesel could have a substantial impact on emissions. For neat biodiesels (B100), PM emissions were essentially constant at about 0.07 g/bhp-h as long as density was less than 0.89 g/cm 3 or cetane number was greater than about 45. NO x emissions increased with increasing fuel density or decreasing fuel cetane number. Increasing the number of double bonds, quantified as iodine number, correlated with increasing emissions of NO x . The properties of density, cetane number, and iodine number were highly correlated with one another. This result cannot be explained by the well-known NO x /PM tradeoff because PM remained constant but NO x changed with fuel properties. Thus the increase in NO x emissions observed for some biodiesels and for blends of biodiesel in petroleum diesel is not driven by thermal NO formation. The study additionally found that for fully saturated fatty acid chains NO x emissions were lower than those for petroleum diesel. NO x increased with decreasing fatty acid chain length for tests using fuels with 18, 16, and 12 carbon chains. Biodiesel composed of technical grade C12 saturated carbon chains (methyl laurate) was NO x equivalent to certification diesel. Also, there was no significant difference in NO x or PM emissions for the methyl and ethyl esters of identical fatty acids.
The results of the previous study suggest a number of approaches to reduce NO x emissions by modifying biodiesel properties. These might be implemented through chemical modification of the fatty acid chain or through plant breeding to develop oils with more suitable properties. In the present study, we have examined a number of potential fuel additive and fuel blending solutions to the NO x problem. These include blending with Fischer-Tropsch diesel and low aromatic diesel, as well as using several fuel additives. The goal of the study was to identify an approach for reducing the NO x emissions of soy-based biodiesel by 4% for a B20 blend. The additives tested include the cetane improvers di-tert-butyl-peroxide (DTBP) and 2-ethyl-hexyl-nitrate (EHN), short chain fatty acid esters, tert-butyl-hydroquinone (TBHQ, a food antioxidant), and a proprietary additive called A1 provided by BioClean Fuels. Tests were conducted with biodiesels produced from both soy and yellow grease. There were significant differences between the two biodiesel-fuels with respect to degree of saturation, cetane number, iodine number, and fuel density. Base fuels were certification diesel and a California compliant 10% aromatic diesel.
METHODS

Fuels and Test Matrix
The fuels examined in this study are listed in Table 1 . A 14-task statement of work defined the study design. The fuel testing tasks are outlined below. The base fuels listed in Table 1 were obtained and submitted for analysis to insure that minimum standards were met. The specific standards were ASTM PS121 for the biodiesel fuels, ASTM D975 for the certification diesel, and CARB standards for the 10% aromatic fuel.
Task 2. Baseline Regulated Emissions Tests:
Each of the fuels listed in Table 1 was tested in the DDC Series 60 engine for emissions performance. Tests included one cold start and a minimum of three hot starts for all fuels except the 10% aromatic for which only three hot starts were conducted.
Task 3. Testing Fischer-Tropsch/Biodiesel Blends:
Pure Fischer-Tropsch and blends of 80% FT/20% Soy and 80% Soy/20% FT were tested. Samples of FT diesel containing 1%, 3%, and 5% soy were submitted for lubricity analysis. The sample having the lowest soy diesel level that met the Engine Manufacturers Association recommended maximum High Frequency Reciprocating Rig (HFRR) wear scar maximum of 450 microns was also tested in the engine.
Task 4. Effectiveness of DTBP Additive in Soy B20:
A B20 prepared from soy and certification diesel was tested to demonstrate the NO x increase typically observed. This fuel was then treated at 0.5, 1.0, and 1.5 volume percent DTBP and these fuels tested in the engine. The objective was to identify a DTBP blending level that reduced NO x emissions by 4%. Earlier studies at Southwest Research Institute (SwRI) reported that EHN was not effective at reducing NO x from soydiesel. Tests were also conducted to confirm this result.
Task 5. Effectiveness of DTBP in Other B20 Fuels:
The following B20 fuels were prepared and tested both with and without the DTBP additive at the treat rate determined in Task 4:
• Certification diesel/yellow grease • 10% aromatic diesel/soy • 10% aromatic diesel/yellow grease Task 6. DTBP Effectiveness in Soy B100: Neat soydiesel was tested using five times the DTBP treat rate determined for B20 in Task 4.
Task 7. DTBP Effectiveness in Yellow Grease B100:
Neat yellow grease biodiesel was tested using five times the DTBP treat rate determined for B20 in Task with two fuel additives. These were a sample of short chain fatty acid methyl esters (USDA-1) and a food antioxidant, tert-butyl-hyroquinone (USDA-2). A B20 prepared from certification diesel and soy diesel was tested using these additives at treat rates recommended by Drs. Haas and Foglia.
Task 10. Bioclean Fuels A1 Additive:
Bioclean Fuels provided a proprietary additive called A1. A1 was tested in a B20 prepared from 10% aromatic fuel and soy diesel at a treat rate recommended by Bioclean Fuels.
Task 11. Bioclean Fuels A1 Additive-Further Tests:
The A1 additive was tested in a B20 prepared from certification diesel and soy diesel at a treat rate identical to that used in Task 10. A second test using soy B100 was planned. Upon direction from Dr. Shaine Tyson of NREL this second test was not performed.
Task 12. K50 Testing:
A blend of kerosene (No. 1 diesel) with 50% volume percent soydiesel and known as K50 was tested. Neat kerosene was also tested for comparison. K50 was then tested using 2.5 times the treat rate of the best NO x reducing additive identified in previous tests with B20.
Task 13. Draft Report Preparation:
A draft final report is to be prepared and submitted to NREL as well as to several peer reviewers.
Task 14. Final Report:
Based on reviewers comments, the final report is to be revised and a final version submitted.
Fuel Property Measurement
Williams Laboratory in Kansas City, Missouri performed fuel property measurements with the following exceptions. Core Laboratory in Houston, Texas performed analysis of the FT diesel. Analysis of the soy and yellow grease biodiesels for fatty acid ester content was performed by the Eastern Regional Research Center of the USDA in Wyndmoor, Pennsylvania. Southwest Research Institute of San Antonio, Texas conducted lubricity tests using the HFRR (high frequency reciprocating rig) test (ASTM-D6079 @ 60°C).
Emissions Testing
The system for emissions measurement for regulated pollutants (THC, CO, NO x , and PM) includes supply of conditioned intake and dilution air, an exhaust dilution system, and capability for sampling of particulate and analysis of gaseous emissions. All components of the emissions measurement system meet the requirements for heavy-duty engine emissions certification testing as specified in Code of Federal Regulations Title 40, Part 86, Subpart N.
Test Engine:
The engine is a 1991 calibration Series 60 production model loaned by the Detroit Diesel Corporation. The six cylinder, four stroke engine is nominally rated at 345 bhp (257 kW) at 1800 rpm and is electronically controlled (DDEC-II), direct injected, turbocharged, and intercooled. Engine specifications are listed in Table 2 . This is the engine model specified in California Code of Regulations Title 13 section 2282, subsection g for certification testing of diesel fuels. 
Regulated Gaseous Emissions Measurement:
All gas mass emissions are determined by background corrected flow compensated integration of the instantaneous mass rates. Tedlar bag samples of background air and exhaust sample are also collected. The exhaust sample is proportionally sampled through a critical flow orifice. The bag compositions are compared with the bag equivalent flow compensated emissions to validate the test runs. Agreement is always within 5% for the individual regulated gaseous emissions.
Particle Sampling for Mass:
Particulate matter is collected on Pallflex T60A20 70 mm filters of a common lot. Particulate matter is sampled through a secondary tunnel that insures a filtered gas temperature below 52°C (126°F). Two independent mass flow controllers are used to regulate the total filtered gas sample and the secondary dilution air rate. The computer determines the total sample volume by integrating the instantaneous flow difference. Flow is made proportional to the diluted exhaust by sending a varying secondary air flow set point from the test manager computer which is based upon the critical flow venturi (CFV) flow rate which in turn is a function of the diluted exhaust temperature at the venturi. The apparent sample flow rate depends on zero flow analog voltage 5 outputs from the transmitters. These are logged before and after the test and the corrected integrated volume is established with a calibration model that considers the voltage offsets.
PM Background. Parallel background samples are not collected. Instead, the intake air is filtered to 95% ASHRAE efficiency and periodic background checks are made. Demineralized water is used for humidity control. The mass collected in the background check made during this program was extremely small. No background correction was made to the particulate determinations.
Weigh Room Conditions. Since the PM mass collected, especially for the biodiesel samples, was small even minor differences in filter weight due to water adsorption can impact the particulate mass emission. Particle filter handling and weighing is conducted in a yellow light, constant humidity weigh room held at 9±2°C (48±4°F) dew point, 50% nominal relative humidity, and 22±1°C (72±2°F).
Quality Control:
The testing is carried out in accordance with 40 CFR Part 86 Subpart N. In addition, a number of additional measures are taken to insure that the NO x and PM emissions collected in this program are both precise and accurate.
Emission Gas Standards. Emission gases are 1% EPA Protocol Standards. Gas standards were not changed during this test program.
Carbon Balance. As a test quality-assurance check, a carbon balance is performed for each transient test. Diesel mass fuel consumption was monitored with a Micromotion DP-25 mass flow sensor and by weighing the fuel supply tank before and after a test using a load cell. Exhaust carbon is determined from the background corrected THC, CO, CO 2 , and PM emissions data. The fuel analysis is used to estimate the H/C ratio of the THC. PM is assumed to be 100% carbon. Runs where carbon balance closure was more than +/-6% in error were generally rejected.
NO x Humidity Correction. Humidity has a large influence on NO x emissions. Humidity is measured continuously in the conditioned air inlet by two independently calibrated methods: a dew point meter and a polymer membrane sensor. Furthermore, the intake air is controlled to a 53°F (11.7°C) nominal dew point to insure that the NO x correction factor (40 CFR 1342-94(d)(8)(iii)) is very near one and essentially constant from test to test. The two humidity measurements do not produce NO x correction factors that differ by more than 2%.
The Effect of Intake Manifold Temperature on NO x Emissions. The engine is equipped with a water-cooled turbocharger intercooler. The supply temperature and flow rate of cooling water to the intercooler are adjusted during the engine mapping process to match the manufacturer's design temperature for the intake air at rated speed and wide open throttle. The flow and inlet temperature are feedback controlled so that the temperature history of the manifold from test to test is repeatable. The maximum temperature and stage where it occurred are logged during each test to confirm that NO x differences are not related to variations from test to test in the intake air temperature profile.
RESULTS
Base Fuel Properties
Base fuel properties and testing methods employed are listed in Table 3 . Certification diesel has a cetane number of 47 and an aromatic content of 32%. The nominally 10% aromatic diesel has a cetane number of 48 and an aromatic content of 7.5%. Note that this fuel is not a CARB reference diesel nor is it a fuel certified as emissions equivalent to CARB reference diesel. As a fuel with less than 10% aromatic content it meets the requirements for sale in California based on composition. Comparison of biodiesels and biodiesel blends with this fuel is intended to provide an estimate of suitability of any of these fuels for possible CARB certification. FT diesel has an extremely high cetane number, as is typical for these fuels. While not measured, the aromatic content of FT diesel is zero. For the biodiesel fuels all of the property specifications of ASTM PS121 (shown in Appendix A) are met. Soygold has a cetane number of 47; a value regarded as typical for a soy-derived biodiesel (1) . The cetane number of Bio3000 is 56. The kerosene or No. 1 diesel is at the light end of the No. 1 diesel range, and may even meet the specifications of a jet fuel.
The fatty acid makeup of the two biodiesels was also determined and these results are reported in Table 4 . As expected, the yellow grease fuel contained significantly higher levels of saturated and monounsaturated compounds. The "other" column in Table 4 includes unidentified peaks in the chromatogram and less than 0.5% of the 20:0 methyl ester.
Certification Fuel Tests and Other Controls
The engine was initially mapped on certification diesel fuel and this map (run 5629) was used to generate the transient test for all testing on all fuels. A plot of the torque map is shown in Appendix B. All emissions testing data for this study are presented in Appendix C, in chronological order. Certification fuel runs were performed periodically throughout the test program to gauge engine drift. A single lot of certification diesel was used. The testing was performed in two campaigns. The first campaign occurred in January 2001 and the second campaign in March and early April 2001. Figure 1 shows daily average NO x and PM emissions from the certification diesel runs. The two test campaigns are evident. A small (about 2%) difference in NO x emissions on certification fuel was observed between the two campaigns. This most likely occurred because of repairs made to the NO x analyzer during February, although drift of the engine itself cannot be ruled out. Certification fuel PM emissions are also slightly higher for the second campaign, although experimental variability is higher in the first campaign.
Tables 5 through 8 present descriptive statistics for the certification fuel runs in both campaigns. Within a given campaign the data are of high repeatability with 95% confidence interval for NO x of better than ±1% and for PM of better than ±5%. A t-test comparing NO x emissions for the two campaigns indicates that they are significantly different at better than 99% confidence (p<0.0001). PM emissions for the two campaigns are likely identical (p=0.119). In analyzing the data, runs will only be compared with certification fuel runs obtained during the same campaign. Figure 1 . NO x and PM emissions results for certification fuel runs performed over the study. All data points represent the average of three or more hot start runs.
Also shown in Figure 1 are emissions results for a B20 prepared from soydiesel and certification diesel. These runs serve as an additional control. In all cases B20 NO x emissions are between 2% and 3% higher than average certification fuel NO x . B20 PM emissions are always at least 20% lower than certification fuel PM. Analysis of the fuel additive testing data will be based on a comparison of emissions with average B20 runs performed during the same campaign. 
Base Fuel Emissions
The base fuels for this study were tested for emissions in replicate transient tests. Results are reported in Table 9 . A lubricity additive called Paradyne 655 was added to the FT diesel at 200 ppm to protect the engine during testing of this fuel. FT diesel is shown to provide significant emissions reductions relative to certification diesel and 10% aromatic diesel. Both soy-based biodiesel (Soygold) and yellow grease-based biodiesel (Bio3000) show a significant NO x increase relative to certification fuel, as well as the PM decrease typical of these fuels. The kerosene or No. 1 diesel exhibited NO x emissions similar to the 10% aromatic fuel but had significantly lower PM. Importantly, the coefficient of variation for NO x measurements was always below 1%. 
Results for FT Diesel/Soy Diesel Blends
The objective of Task 3 of this project was to quantify the regulated emissions from different blends of biodiesel with Fischer-Tropsch (FT) diesel in compression ignition engines. Based on previous correlations between fuel density and NO x , blending of a low-density diesel fuel with biodiesel was hypothesized to provide a NO x reduction. Because Fischer Tropsch diesel also has high cetane and no aromatics, the impact of changing density could not be isolated, but it could be examined. Biodiesel has excellent lubricity properties, while FT diesel has poor lubricity. The combination of the two low-sulfur diesel fuels might provide a very low emission alternative fuel with excellent lubricity properties.
Fuel property testing results for neat FT diesel, biodiesel (Soygold), and certification fuel as well as the different biodiesel-FT blends are presented in Table 10 . After blending to 20% soy in FT, the cetane number still exceeds 75. Blending 20% FT into soy increases cetane number to 53.3 and using a linear model suggests a blending cetane number for FT diesel of 77. If this were correct, the 20% soy in FT blend would have a calculated cetane number of 71. Cetane number measurements above about CN=65 are notoriously inaccurate and within this limitation the results are reasonably consistent. Blending soydiesel with FT diesel acts to depress cloud point and cold filter plugging point by a few degrees. Table 11 present HFRR lubricity data for several blends of biodiesel and FT diesel. The Engine Manufacturers Association recommends a maximum HFRR wear scar of 450 microns. A previous report indicates that the Shell FT diesel produces HFRR wear scar of more than 500 microns and that addition of 200 ppm of the Paradyne 655 lubricity additive reduces this to 210 (4). The average value for 1% biodiesel in FT is 300 micron (or 0.300 mm), well below the manufacturers recommended limit. Based on direction from Mr. Keith Vertin at NREL, a 1% biodiesel/FT diesel blend was selected for testing, along with the FT/B20 and FT/B80 blends specified in our contract.
The emissions testing results for the different runs are presented in Table 12 . The coefficients of variation for NO x and PM measurements were always below 1% and 6% respectively. Emissions of FT diesel and FT diesel with 1% biodiesel are essentially identical, as expected. Adding 20% or larger amounts of biodiesel to FT results in a significant increase in NO x emissions and decrease in PM emissions. Note, however, that for FT/B20 the NO x emission is still 0.5 g/bhp-h below the certification diesel level. There is a linear relation for both NO x and PM emissions as a function of volume percent FT diesel, as shown in Figure 2 . The regression equations shown in the figure indicate that a blend of 46% FT with soydiesel would have the same NO x emissions as certification diesel. 
Results for DTBP Treated Fuels
The objective of Task 4 of this project was to quantify the effects of di-tert-butyl peroxide (DTBP) on regulated emissions from B-20 biodiesel (soy) blends. Tasks 5, 6, and 7 examined DTBP in other B20 blends as well as in the neat biodiesel samples. Previous testing using DTBP by Southwest Research Institute, showed that 0.5% and 1.0% volume DTBP treat rates reduced NO x emissions by approximately 1.1% and 5.2% compared to untreated B20 respectively (5, 6) . Unfortunately in neither case were the data useful in determining an effective DTBP treat rate to make the B20 NO x neutral, since the untreated B20 blend had lower NO x emissions than the baseline No. 2 diesel fuel.
A baseline of 6 hot starts for B20 soy biodiesel in certification fuel was initially established. Using only the certification fuel runs acquired immediately before and after acquisition of the B20 baseline, which averaged 4.754 g/bhp-h, the NO x increase is 3.3%. We prepared a series of B20 fuels (certification diesel + soydiesel) containing 0.5, 1.0, and 1.5 volume percent DTBP. Hot transient emissions summary results are presented in Table 13 . The coefficients of variation for NO x and PM measurements were always below 1% and 6% respectively. DTBP was effective at reducing NO x at all three treatment-levels (all statistically significant at 95% confidence or greater). Figure 3 shows an approximately linear relationship between DTBP treat rate and NO x emissions.
Percent NO x reduction (with respect to untreated B20) versus percent volume DTBP is shown in Figure 4 and exhibits an approximately linear relationship (p-value for slope=0.02). Based on the linear regression equation shown in Figure 4 , an approximate 4% reduction should be achieved using 1% volume DTBP. The 95% confidence interval on the slope of the regression in Figure 4 ranges from -6.23 to -1.42, thus the estimate of 1% volume DTBP is not very precise. Because DTBP was successful at reducing NO x from a B20 composed of soy biodiesel and certification diesel, additional tests were conducted on its effects on NO x emissions from the following B20 blends: Soy in 10% aromatic fuel Yellow grease in certification fuel Yellow grease in 10% aromatic fuel Emissions summary results are presented in Table 14 , along with some earlier results. The coefficients of variation for NO x and PM measurements were always below 1% and 4% respectively. DTBP was effective at reducing NO x emissions to the base fuel level or below (by 3% to 4%) in all cases (significant at 95% confidence or greater). Fuel property testing results for all of these B20 fuels are shown in Table 15 . Adding 1% DTBP to B20 (Soy+Cert) increased cetane number from 48 to 60. The results in Table 15 indicate an even larger cetane boost for B20 (Soy+10%) diesel, from 48 to 67, although a cetane number of 67 seems unreasonably high. However, cetane number for the yellow grease based B20 fuels did not increase significantly, even though a NO x reduction was observed. This observation was confirmed by retesting two of the yellow grease containing fuels. Williams Laboratory claims that the same person measures all cetane numbers. This result may imply that DTBP does not reduce NO x by increasing cetane number but by some other chemical effect.
Percent
A 5% DTBP blending level was used for testing B100. Testing results are shown in Table 16 , along with other results for completeness. Certification fuel NO x emissions averaged 4.82 g/bhph during Campaign 2 when these tests were conducted. Soy B100 increases NO x to 5.45 g/bhp-h. Adding DTBP results in a decrease to 5.18 g/bhp-h. This result represents a statistically significant NO x reduction, but it is still well above the certification fuel level. For yellow grease B100 (Bio3000) NO x is 5.07 g/bhp-h and adding 5% DTBP reduces NO x to 4.88 g/bhp-h. Again this NO x reduction is statistically significant, and has reduced NO x to the certification fuel level (emissions for the two fuels are the same with 97% confidence). 
Results for EHN Treated B20 Blends
Studies conducted in 1994 at SwRI reported that EHN was not effective for NO x reduction when added to soy-based biodiesel (5, 6) . However, the biodiesel available at that time was likely of low quality (high methanol, glycerol, and glyceride content) and it would be interesting to repeat those tests using a fuel meeting the requirements of ASTM PS121. Tests were conducted using 0.5% and 1.0% by volume EHN in B20 (soy+cert) and the results are shown in Table 17 . Table  18 shows the results of statistical tests to quantify the significance of any differences observed. When comparing B20 to B20 with EHN (0.5%), it clear that the observed 2.3% NO x reduction has a high degree of statistical significance. When comparing certification fuel emissions to B20+0.5% EHN is seems likely that EHN has reduced NO x to the certification fuel level. A set of runs was also performed with 1.0% EHN and the NO x in this case was statistically identical to that observed for 0.5%. Thus, our results do not replicate what was reported by SwRI however the SwRI study only tested EHN in a 2-stroke engine. In the present study with a 4-stroke engine both of the common cetane improvers, EHN and DTBP, reduced NO x from soydiesel/certification diesel blends. This mixture was selected because in our previous study (2) it was demonstrated that shorter chain, saturated esters had lower NO x emissions than the long chain unsaturated esters that are dominant in soy diesel. This was true even though NO x emissions increased for saturated esters when the chain length was shortened.
USDA-2: A fuel composed of 100% soy biodiesel and 1% tert-butyl-hydroquinone, a food antioxidant (also known as TBHQ). The fuel was tested as a B20 with certification diesel; the blended fuel contained 0.2 wt% TBHQ. This additive was selected because in our previous study (2) it was shown that the increase in NO x is not driven by thermal or Zeldovich NO x formation and therefore may involve some pre-combustion chemistry of hydrocarbon free radicals. An antioxidant might react with these free radicals preventing their participation in a NO x forming sequence of reactions.
Emissions summary results for these two fuel blends are presented in Table 19 , along with some additional results for completeness. The coefficients of variation for NO x and PM measurements were always below 1.4% and 4% respectively. The statistical analysis of the results reported here utilizes only certification fuel runs and untreated B20 runs from March and early April, 2001.
USDA-1: Certification fuel runs performed before and after testing of this additive in B20 averaged 4.85 g/bhp-h. The NO x emission for the USDA-1 fuel was 5.012. The average untreated B20 NO x was 4.93. The 3% increase in NO x observed for USDA-1 is statistically significant at 98% confidence (p=0.01608). PM emissions are unchanged relative to B20. Thus, USDA-1 was not effective for NO x reduction. USDA-1 had no significant impact on PM emissions.
USDA-2. Certification fuel runs performed before and after testing this B20 averaged 4.840 g/bhp-h of NO x . The NO x emission for the USDA-2 fuel was 4.894 g/bhp-h, 0.044 g/bhp-h higher than the bracketing certification fuel mean which is significantly higher at 99% confidence. The USDA-2 NO x is 0.035 g/bhp-h lower than the mean B20 NO x of 4.93. This NO x reduction is significant at 99.5% confidence (p=0.005532) but apparently the treat rate of 0.2wt% is not adequate to reduce NO x to the certification fuel level. TBHQ also had a negative effect on PM, causing PM to increase by 9% relative to the average B20 PM emission for the second testing campaign (significant at 99% confidence). This level of PM is still significantly below the PM emission level of certification diesel. Additional testing of TBHQ and other antioxidants is clearly warranted. Coefficient of Variation 17.82% 0.61% 2.25% 0.12% 1.98%
Testing of Bioclean Fuels Additive
The objective of Task 10 of this project was to test a B20 produced from soy and 10% aromatic diesel and containing the A-1 additive from Bioclean Fuels. Task 11 was to perform similar tests on B20 produced from soy and certification diesel, and on B100 soy. Based on the testing results, the NREL technical monitor (Dr. Shaine Tyson) directed us not to perform the B100 test. This section presents emissions results for the two fuels tested with A-1.
The B20 fuels were prepared, as directed by Bioclean Fuels, to contain 1 part in 40 of the liquid A-1 additive. The emissions summary results are presented in Table 20 along with some results from other tasks for completeness. The coefficients of variation for NO x and PM measurements were always below 1% and 4% respectively.
A-1 in CARB/B20: NO x emissions from CARB diesel were 4.48 g/bhp-h and increased to 4.61 g/bhp-h upon addition of 20-volume percent soy diesel. Adding A-1 produced NO x emissions of 4.56 g/bhp-h, which represents no change in NO x emissions at the 99% confidence level. Adding A-1 caused PM to increase from 0.189 to 0.237 g/bhp-h; essentially eliminating any PM benefit from the biodiesel.
A-1 in Cert/B20: NO x emissions for certification diesel ran about 4.85 g/bhp-h during late March and early April. Adding 20% soy diesel increased this to 4.91 g/bhp-h. Adding A-1 produced a NO x emission of 4.84 g/bhp-h, indicating that A-1 successfully reduced NO x by about 2% for this fuel. However, PM emissions were about 0.23 g/bhp-h. This is identical to PM emissions from certification diesel on bracketing runs and significantly higher than the 0.201 g/bhp-h measured for B20 shortly thereafter. This indicates that A-1 eliminates the PM benefit of using biodiesel. Coefficient of Variation 12.10% 0.18% 2.51% 0.12% 0.68%
Testing of K50
The objective of Task 12 of this project is to test a blend of No. 1 diesel (also known as kerosene) and 50 volume percent soy diesel (this blend is referred to as K50). The best NO x reduction additive identified under this project is to then be blended with K50 and tested. The best NO x reduction additive identified was di-tert-butyl-peroxide (DTBP). For B20 produced from soy diesel and certification diesel 0.93, volume percent DTBP was sufficient to reduce NO x to the certification fuel level. For K50 we elected to employ 2.5 times as much DTBP (2.3%) because the fuel contains 2.5 times as much biodiesel. This is the most conservative way to insure that a NO x reduction occurs. As the data will show, 2.3% DTBP is more than was needed to achieve NO x neutrality with certification diesel. A better approach may have been to note that the desired percent NO x reduction was 2.55%. For B20 this could be obtained with 0.624% DTBP suggesting that 2.5 times this level, or 1.456% DTBP, might have been adequate for the K50 fuel.
The kerosene was obtained locally. Emissions results for the kerosene without biodiesel were obtained for completeness. All emissions results are shown in Table 21 . Kerosene produced a NO x level of 4.53 g/bhp-h. Testing of 50% soy/50% kerosene produced a NO x emission of 4.94 g/bhp-h, essentially the same level observed for B20 from certification diesel and 20% soy.
Addition of 2.3% DTBP reduced NO x to 4.70 g/bhp-h. This is well below the certification fuel level of 4.85 g/bhp-h and suggests that between 1% and 1.5% DTBP would have been adequate. Fuel analysis results are reported in Table 22 . Addition of 2.3% DTBP to K50 was very effective at increasing cetane number, causing an increase of 28 cetane units. 25
DISCUSSION
Effect of Various NO x Reduction Strategies
This study has examined a number of approaches for NO x reduction from biodiesel. These are compared in Table 23 for B20 (soy+cert). Blending FT diesel at very high percentages can produce a NO x neutral fuel. Lowering the base fuel aromatic content from 31.9 to 7.5% (nominally 10% aromatic fuel) was very successful at lowering NO x . If all other factors are equal and if the effect of aromatic content is linear, using a base fuel having 25.8% aromatics should provide a NO x neutral B20. The results also suggest that using kerosene as the base fuel could lead to a NO x neutral blend (this occurs at 40% biodiesel, assuming linearity). The cetane enhancers DTBP and EHN are both effective at reducing NO x from biodiesel. The antioxidant TBHQ is also effective, but may cause an increase in PM emissions. The idea of using antioxidants as NO x reduction additives is clearly something that should be explored in more detail. It may be that other antioxidants also reduce NO x but have no negative impact on PM emissions. The Bioclean Fuels A1 additive is effective at NO x reduction but causes an unacceptably large increase in PM. Figure 2 + These additives also caused an increase in PM
Use of Cetane Improvers for Biodiesel NO x Reduction
Perhaps the most practical strategy for NO x reduction in the short term is the use of cetane improvers. This is because altering the base fuel properties may severely limit the marketability of biodiesel, and the other additives caused an increase in PM or had no effect. A recently obtained quotation (7) indicates that DTBP can be obtained in truckload quantities for $2.45 per lb. Assuming B20 has a density of 7.1 lb/gal, and DTBP has a density of 6. California diesel fuel averages approximately 16% aromatic content (10) and, as discussed above, using a base fuel with less than 25.8% aromatic content should result in B20 NO x emissions below those for certification diesel. So using a low aromatic California diesel as the blending diesel to lower NO x relative to certification diesel, if such a fuel was available, would have an incremental cost on the order of $0.13 per gallon.. FT diesel sells for $0.20 to $0.50 more than California diesel so blending high levels of FT with biodiesel to reduce NO x may not be an economically viable alternative.
Comparisons with 10% Aromatic Diesel
For a diesel fuel to be legal for sale in California it must meet EPA's requirements, and in addition it must be proven to be emissions equivalent to a 10% aromatic CARB reference diesel or have less than 10% aromatic content (California Code of Regulations Title 13 section 2282, subsection g). In this study we tested a nominally 10% aromatic fuel as a reference point for gauging the potential of B20 blends for possible CARB certification. Results for several B20 blends are shown in Figure 5 and compared to emissions from the 10% aromatic fuel. All of the B20 blends exhibited PM emissions below those measured for the 10% aromatic diesel. However, B20 fuels based on certification diesel did not in any case exhibit NO x emissions at or below the emissions of the 10% aromatic fuel. B20 blends produced from the 10% aromatic fuel and including DTBP were NO x equivalent or better. Thus blending of biodiesel with a California compliant diesel and treating it with DTBP may be a route to a CARB certifiable B20. 
Comparison of Soy and YG Biodiesels
Degree of unsaturation appears to be the key difference between soy and yellow grease (YG) based biodiesels from the standpoint of emissions performance (2, 3) . The iodine numbers of these fuels were 127 and 79, respectively. The cetane number of the YG fuel was correspondingly higher. Figure 6 compares emissions for various fuels containing soy and YG biodiesel. For B100 fuels, the PM emissions are approximately the same, but YG (Bio3000) exhibited NO x emissions that were lower by nearly 0.4 g/bhp-h. Treating B100 fuels with DTBP was effective at reducing NO x , but not in proportion to the NO x reduction observed for B20 blends.
For the B20 blends a significant (about 2%) NO x increase relative to certification diesel was observed for soy but no significant increase was observed for YG. Treatment with 1% DTBP lowered NO x by about the same amount for both blends. The fact that the NO x reduction for DTBP is the same independent of biodiesel source, and that it decreases with increasing biodiesel content of the fuel may suggest that DTBP acts largely to lower the NO x produced by burning the petroleum diesel fuel. The fact that DTBP can reduce NO x emissions from petroleum diesel is well documented (11) . 
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CONCLUSIONS
This study has examined a number of approaches for NO x reduction from biodiesel. The following conclusions can be drawn:
• The cetane improvers DTBP and EHN are effective for reducing NO x by 4% in B20 blends. DTBP at 1.0 volume percent will add on the order of $0.16 per gallon and EHN at 0.5 volume percent will add on the order of $0.05 per gallon to the cost of biodiesel.
• DTBP is also effective at NO x reduction for B100 fuels but not in proportion to the NO x reduction observed for B20 blends. This may indicate that cetane improvers act largely to lower the NO x produced during burning of the petroleum diesel fuel.
• Blending with a low aromatic diesel, kerosene, or FT diesel is also effective at reducing NO x .
•
The antioxidant TBHQ significantly reduced NO x but also caused a small increase in PM. The use of antioxidants in general is worthy of further study.
• Short chain fatty acid esters were not effective for NO x reduction.
• Bioclean Fuels A1 additive is effective at NO x reduction but also produces a significant increase in PM.
No combination of biodiesel with certification fuel and fuel additives produced NO x emissions levels below that observed for a 10% aromatic fuel, suggesting that CARB certification using a 30% aromatic base fuel is not possible. Lowering aromatic content to roughly 25% and addition of cetane improver would be necessary for NO x neutrality relative to 10% aromatic fuel. 
